ABSTRACT. Newborn infants are more susceptible to bacterial infections than adults. This susceptibility has been attributed to defects in humoral and cellular activity. Host cellular activity can be modified by factors produced by bacteria or the host in response to infection. We assessed the effect of two factors associated with gramnegative bacterial infection, lipopolysaccharide (LPS) and TNF-a, on polymorphonuclear neutrophilic granulocytes (PMN) obtained from adult or newborns (umbilical cord blood). PILIN were primed in vitro with L P S (10 pg/L) or TNF-a (lo-' ILI) for 45 min and then assessed, using a chemiluminescence (CL) assay a s a n indicator of oxidative radical production with formyl-methionyl-leucyl-phenylalanine as the trigger for C L initiation. C L activity of unprimed P h I N was similar for adults and newborns (13.3 and 13.7 C L units, respectively). After priming with LPS, C L activity was increased to 43.4 C L units for P b I N from adults but to only 17.6 C L units for P b I N from newborns ( p < 0.001, adults versus newborn increment). Priming of P h I N with L P S was most effective when autologous plasma was present. Using FITC-conjugated L P S and a flow cytometry assay, we could demonstrate no difference between the binding affinity of L P S for adult and newborn PMN. IIowever, formyl-methionyl-leucyl-phenylalanine binding studies indicated that adult P h I N had a higher number of binding sites. TNF-a priming of newborn PILIN was also ineffective. Adult P M N increased CL activity by 3.9-fold when primed with TNF-a, whereas newborn PILIN increased by only 1.75-fold ( p < 0.005). This priming deficiency was not attributable to TNF-a receptors because phycoerythrin-conjugated TNF-a was associated with P h I N from adults and newborns equally. Thus, P h I N from newborns are not primed effectively in vitro with L P S or TNF-a. This defect may contribute to neonatal susceptibility to bacterial infection. (Pediatr Res 34: 243-248, 1993) Abbreviations PhIN, polymorphonuclear neutrophilic granulocyte IFN-y, interferon-y TNF-a, tumor necrosis factor-a
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In adults, bacterial products and host cytokines elaborated during bacterial infection affect PMN activity. IFN-y (6). granulocyte macrophage colony-stimulating factor (7). TNF-(U (6, 8. 9), IL-I (8) and IL-8 (lo, 11) enhance PMN activity it2 virro and are produced by the host during bacterial infection. In addition, LPS, which is a component of gram-negative bacteria, also enhances PMN activity in virro (12) . PMN obtained from adults with bacterial infection have increased oxidative activity (13, 14) . In contrast, PMN from newborns with sepsis have decreased bactericidal and oxidative activity ( 1 5, 16). Little is known about the response of PMN from newborns to bacterial products or cytokines produced by the host during infection. In one study, recombinant human IFN-y markedly enhanced the chemotactic responses of PMN from neonates to levels that were not different from adult PMN (4).
TNF-(U was originally identified on the basis of its ability to cause necrosis of some tumors in mice (17) . It is now known that TNF-a has diverse physiologic effects and is produced by various cell types and stimuli (18) (19) (20) (21) (22) . It has been implicated as an endogenous inflammatory mediator induced by LPS (18, (22) (23) (24) or other bacterial products (I 7). In high concentrations, TNFn is a mediator of vascular collapse and septic shock (25, 26) . However, in low concentrations, it enhances host defense mechanisms (27) (28) (29) (30) (31) . PMN functions that are stimulated by TNF-n in viiro include adherence, aggregation, chemotaxis, and hydrogen peroxide and superoxide ion generation (6, 8, 9, 29, (32) (33) (34) . Although production of TNF-n and its effects on the host have been well characterized for adult animals, little is known about TNF-a in newborn animals. Production of TNF-a by fetal or neonatal cells in vitro has been reported as functionally equivalent to that of adult cells (35, 36) , but production in viva in response to infection is unknown. Similarly, the effect of TNFa on newborn PMN is unknown.
Because TNF-a and LPS are generated during the early phases of bacterial infection and because both may enhance PMN function, we examined the effect of recombinant human TNFa and LPS on PMN from human neonates using autologous plasma to simulate an in viva situation. ythrin-labeled recombinant human TNF-a was obtained from R&D Systems (Minneapolis, MN). P T was purified by a modification of the method of Sekura (37, 38) .
MATERIALS AND METHODS

Reagents
PAIN preparations. PMN for the C L assay were isolated from heparinized (10 U/mL) adult peripheral blood or term neonate umbilical cord blood using density gradients as described (39, 40) . Cells were routinely purified to >90% purity and >98% viability in approximately 2 h and were assayed immediately afterward. All experiments were completed within 6 h of obtaining the blood. Contaminating red blood cells were removed by brief hypotonic lysis using 0.15 M NH4C1. Cells were then washed and resuspended in HBSS at a concentration of 2 x lo6 PMN/ mL. PAIN prirning. Priming of PMN was done in the presence or absence of autologous plasma using 0.2 m L of PMN suspended in HBSS. T o each aliquot, 10 pL of PBS, TNF-a, or LPS was added. Duplicates were incubated at 37°C with shaking (100 rpm). After 45 min, 0.8 m L of lucigenin (0.1 M) was added to each tube. Lucigenin is a C L enhancer with specificity for superoxide (41) . In preliminary experiments, the optimal concentrations of TNF-a M) and LPS (0.01 pg/mL) were determined as well as the optimal time for priming 45 min.
CL assay. A C L assay was used as an indicator of oxidative radical production. After adding lucigenin, background CL activity (measured in mV) was determined using a luminometer (LKB, Wallac, Finland). The oxidative reaction was then triggered by adding 100 pL of FMLP (final concentration M). The C L reaction was monitored continuously for 4 min. Results were expressed as C L units, which were calculated as the area under the curve defined by mV and time in min. Background Lymphocyte, PhIN, and monocytes were identified on the basis of front scatter and side scatter of laser beam, confirmed on tests using a CD14 cell marker to identify monocytes and a CD3 marker to identify lymphocytes. In experiments described here, fluorescence intensity was determined for PMN, monocyte, and lymphocyte populations of cells. In these studies, the intensity of cell associated fluorescence is directly related to the number of cellular receptors for LPS-FITC or TNF-N phycoerythrin.
FAfLP cqlrilihriltrn bind in^ assujs. ['HIFMLP binding assays
were conducted using the silicone oil method or' Mackin et 01. (42) with modifications. Forty-pL aliquots of PMN suspended in HBSS (10' PMN per mL) were primed with 10 pL of either PBS (PBS with 0.1 % BSA) or LPS (final concentration 10 pg/ L). Duplicates were incubated with shaking for 30 min at 37"C, then cooled for 5 min in an ice bath. ['HIFMLP (0.3 to 300 nM) then was added to tubes containing unlabeled FMLP (lo-' M) to a final volume of 150 pL in HBSS. After a 30-min incubation at 4"C, the tubes were centrifuged in a microfuge for 3 min at 13 000 rpm. A 15-pL aliquot of the supernatant was removed and counted in scintillation cocktail to determine the free ['HI FMLP concentration. Then 65 pL of PBS and 100 pL of silicone oil were added to each tube, and the centrifugation step was repeated. The tubes then were immediately frozen at -70°C, and the tip of the tube containing PMN was cut off to allow measurement of bound ['HIFMLP with standard liquid scintillation techniques. The total bound ['HIFMLP was plotted as a function of free ['HIFMLP and fitted with computer-assisted nonlinear curve fitting techniques (Inplot, GraphPAD software, San Diego. CA).
Statistical unu1j3sis. For comparison between adult and newborn neutrophil samples, the t test was used, using a two-tailed test; a p value < 0.05 was considered significant. Statistical determinations were done using a computer statistics program (Statistix, Analytical Software, Minneapolis, MN).
RESULTS
LI'S prirnirig of P,1fN. The conditions for reproducible and optimal priming of adult PMN were determined using FMLPtriggered CL as an indicator of oxidative burst activity. The concentration of LPS chosen for further studies (10 pg/L) was selected after assessing the priming effects of a range of concentrations (Fig. 1) . As with adult PMN, newborn PMN showed a dose response to LPS over a range 1 to 100 pg/L. However, priming activity always was markedly decreased compared with adult PMN. When PMN were primed in the presence or absence of 10% autologous plasma for 45 min, differences were observed; plasma enhanced C L activity ( p < 0.018, Fig. 2 ) when paired samples were assessed.
LPS efcct on newborn and adlilt PMN. T o compare the effect of LPS on PMN from newborns and adults, we used paired PMN primed with and without LPS in the presence or absence of plasma. Duplicate samples of all four possible conditions were assessed. When the number of cells was limited, samples were assessed as single pairings of control and test-primed cells.
For control PMN (no LPS present in priming media) incubated with 10% autologous plasma, CL activity was similar for adult and newborn cells. After addition of FMLP, the median C L activity for adult and newborn PMN was similar (Fig. 3, The differences noted in LPS priming between adult and newborn PMN can be attributed to any number of extracellular or intracellular factors: affinity of LPS to PMN receptors, transcription, RNA protein translation, electron transport for oxidative radicals, or other factors. We assessed the aflinity of LPS to PMN using flow cytometry as a potential explanation for the differences noted between newborn and adult PMN activation. When LPS-HTC was incubated with whole blood (autologous plasma present), FITC activity was found in association with the Fig. 2 . Role of autologous plasma. The role of 10% autologous plasma and LPS in priming PMN was assessed. Adult PMN were incubated with ( -) or without (---) plasma. In addition, LPS (10 pg/L) was either present (*) or absent (0). PMN were primed for 45 min and then triggered with FMLP to initiate an oxidative burst of activity measured by CL. CL was then measured continuously for 4 min. Representative result of six separate experiments is shown. ( p < 0.018 for presence or absence of plasma using paired I test.) min of incubation at 37"C, background CL was measured and FMLP was added to trigger the CL burst. Results were expressed as CL units that were calculated as the area under the curve (AUC) defined by mV and time in min. Median is indicated by horizot~ral bar. LPS-primed adult PMN had greater CL activity ( p < 0.0001) than control (no LPS priming) adult PMN. For newborn LPS-primed PMN, a modest increase in CL activity was found compared with control PMN ( p = 0.018). For adult LPS-primed PMN, the 3.96 fold increase was greater than that of newborn PMN (1.69-fold; p = 0.0004, adult vs newborn fold increase using two-sample I tests).
PMN and monocyte but not the lymphocyte fractions, indicating a specific cellular attachment. Intensity of fluorescence (mode) was similar for adults and newborns (5.7 f 2.2 and 5.02 + 2.3 fl units for adults and newborns, respectively; p > 0.05). Also, the percentage of PMN with greater than 10 fl units of activity were similar (90.9 + 10.6% and 86.7 + 1 1.9% for adultsand newborns, respective1y;p > 0.05). PMN from newborn cord blood appeared similar to PMN from adults by light microscopy and by flow cytometry (both front and side scatter).
In some experiments, the effect of PT on LPS priming of PMN was assessed. The optimal conditions for the effect of P T on unprimed PMN were determined. When PT (1.6 mg/L) was incubated with PMN for 120 min before FMLP stimulation, CL activity decreased by 62% compared with controls incubated with PBS. T o confirm that PT was not toxic to the cells, we used PMA as a trigger of CL. As reported by Christiansen (43) PMAtriggered PMN were not affected by PT. Next, we assessed the effect of PT on LPS priming of PMN. LPS from a smooth (01 11:B5) and from a rough (J5) serotype of Esc/~sckcric/~ia coli were used. In two separate experiments, PMN incubated with P T for 120 min and LPS for 45 min showed a decrease in C L activity by 76 and 6 1 % for J5-and 0 l l l :B5-stimulated PMN, respectively, comparcd with LPS controls not incubated witli PT. Therefore, PT appeared to block LPS priming of I'MN.
In preliminary experiments, the cflcct of LI'S priming on FMLP binding for adult and newborn PMN was assessed. As shown in Figure 4 , the maximum nuniber of FMLP binding sites was lower in newborn PMN and tliis was not afictcd by LPS priming. In contrast, the maximum number of binding sitcs was greater for adult PMN, and LPS altered the characteristics of FMLP binding from a two-site model to a single-site binding model having a B,,,, of 0.29 fmol/l000 cells.
TNF-a pritnit~x o$l'hlN. The optimal conditions for TNF-tu priming of adult PMN were determined. TNF-tu (lo-'' M) incubated with PMN for 45 min produced a rcproduciblc increase in C L activity with adult PMN. In contrast to the findings with LPS, plasma did not enhance the priming e f i c t of TNF-tr for adult or newborn PMN (data not shown). Conlparison of TNF-n priming of adult and newborn PMN was made witli plasma present. As shown in Figure 5 , TNF-tu had no significant priming effect on ncwborn PMN, whereas adult PMN demonstrated an increase in C L activity when primcd with TNF-tu. TNF-a-primed adult PMN increased C L activity by 3.9-fold to a median of 35.5 CL units, whereas newborn PMN increased only 1.75-fold to a median of 19.0 C L units ( p < 0.005 fold increase in C L activity newborn vclrsrr.s adult).
Because TNF-tu priming of PMN can occur by a number of mechanisms, we explored the possibility that newborn and adult PMN may have a different number of receptors for TNF-tu or that the receptors have diKcrent affinity from cach other. TNFn receptors were asscsscd by llow cytometry as dcscribcd for LPS, using phycoerythrin-labclcd TNF-tu. In this experiment, TNF-n association was similar for PMN derived fronl adult and cord blood (90% +_ 7 and 87% -+ 13.4, respectively; p > 0.05).
DISCUSSION
Bacterial infections are more common and more scvcrc during the first few days of life than in older children or adults. Dclicicncics of I'MN function have bccn reported as a li~ctor contributing to infection anlong ncwborn infants (1-3, 44) . In most of these reports, defects in I'MN clicmotaxis or pliagocytosis have been described. PMN lion1 full-tern1 or premature infants gencrate lcvcls of oxidative radicals (WIIICII c;iusc b:~ctcriaI damage or death) only n~arginally lower than adults (45. 46) . In these latter experiments, I'MN wcrc not primcd before being :issesscd. tlowcvcr, I'MN arc cxposcd to bacterial products and cytokincs it1 viva as they migrate from the circulatory systcnl to the site of infection. Rccausc LI'S and TNI-tu arc plentiful at inllamnlatory sites and enhance PMN oxidative activity (12, 29, 34, 47, 4X), we studicd I'MN after exposure to tlicsc products. CL with lucigcnin as the cnlianccr was used to assess supcroxidc production by PMN (49) .
Wc found that both TNF-tu :ind LI'S arc priming agents tbr adult PMN. Thus, prcincubation of I'MN witli LPS or TNF-tu led to enhanced oxidative radical generation when tlicsc cclls were subscqucntly stimulated with ITMLP. For LI'S, the presence of autologous pl~isma enhanced its priming activity: liowcver. even in the abscnce of plasma, PMN prinling still occurred. In contrast, neither TNF-tu or LI'S was :is cllkctivc at priming I'MN from ncwborn infants. Thcsc ill virro experiments mirror the clinical observation in humans whcrc it is recognized that septic or stressed newborns have depressed CL activity comparcd witli PMN from normal ncwborn infants or adults (15. 16, 46) .
The dill'crcnce between adult and ncwborn I'MN nxiy rclatc t o a deficiency of LI3I' in the plasma of ncwborns. As dcscribcd by Vosbcck iPr (11. (47) . priming of I'MN by LI'S is enhanced by this humoral factor. Although LEI' has not been asscsscd in newborns, we cannot explain our linding o n tliis basis alone because the defect in ncwborn PMN compared with adult PMN w:is evident both in the presence and absence of plasma. A second explanation for the clTcct of LI'S is that it induces the production of TNF-tu from nlonocytcs tli:~t may be contan~inat-ing the I'MN. Tlicrcforc, tlic dilkrcnce hctwcc~l ncwborn and adult I'MN may be explained by the dill'crcnccs in T N F production. llowcver, the time used for I'MN prinling(45 min) is much 
